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Abstract 
We propose a new type of neutron mirror for a cold moderator to provide a bright collimated beam. The neutron 
mirror has high reflectivity on its front side and is transparent on its back side. It works like a diode at a small 
glancing angle, and its use makes it possible to obtain a bright collimated beam by using both the neutron mirror and 
moderator material. Here we explain the concept of the diode-like neutron mirror and describe its feasibility as tested 
in a numerical simulation. 
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1. Introduction 
Interest in neutron research is still growing due to improvements in neutron optical devices, detectors, 
data acquisition electronics, and analyzing techniques. The realization of large spallation neutron sources, 
such as the Japan Proton Accelerator Research Complex/Materials and Life Science Experimental Facility 
(J-PARC/MLF) and the Spallation Neutron Source (SNS) in the USA, has also contributed to the increase 
in the number of users and the discovery of a new scientific field. The Kyoto University Research Rector 
Institute (KURRI) has a research reactor (KUR) that was 50 years old in 2013. As the instruments 
continue to improve, the number of users continues to increase. However, the number of users for beam 
utilization is decreasing, in particular for studies of condensed matter physics, since there is an effective 
neutron intensity gap between our neutron source and new sources. KURRI has a plan to construct 
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another neutron source after the reactor closures. The new neutron source is not based on a reactor; rather, 
it is based on a fixed field alternating gradient (FFAG)-type proton accelerator [1,2]. An accelerator-
driven neutron source (ADNS) is compact, and with it a pulsed neutron beam is easy to obtain. The 
average neutron intensity is not higher than that from a reactor source, but the peak intensity is higher. 
With the use of a time of flight (TOF) technique, it is possible to dramatically increase the effective 
neutron intensity. Most ADNS users do not require an irradiation field; they need a slow neutron beam. In 
general, the collimation is less than 0.01 rad and the wavelength is longer than 0.1 nm. Neutron intensity 
with longer wavelengths is also very important in the measurement of the large-scale structures and 
dynamics of materials. Almost all collimated slow neutrons can be transported to the required place by a 
neutron guide system. The development of a cold neutron moderator for obtaining a bright collimated 
beam is thus quite important.  
 
In reactors, it is very difficult to realize new types of cold moderators in light of the strict safety 
regulations. Conversely, it is not difficult to set up a small-scale ADNS to develop and test a cold 
moderator step by step. Here we describe our idea for a new cold moderator that will provide a bright 
collimated beam. The cold moderator consists of moderator material and a special neutron mirror as one 
wall of the moderator. The neutron mirror has high reflectivity on the front side and is transparent on its 
back side. It works like a diode at a small glancing angle. The cold moderator is thus expected to 
condense a collimated beam by the combined use of the neutron mirror and the moderator material. 
 
2. The diode-like neutron mirror 
In our set-up, the neutron guide system consists of a neutron mirror, and the mirror’s surfaces must be 
very smooth. The reflectivity of the neutron mirror is well reproduced by an optical potential model. For 
example, we estimated that the optical potentials of nickel and electroless nickel (NiP) are 243 and 223 
neV, respectively. The effective optical potential is smaller with surface roughness, and the reflectivity 





Fig. 1. (a) Theoretical reflectivities of neutrons by electroless nickel (NiP) surfaces in which the roughness σ (rms: root mean 
square) values are 0, 1, 10, 100 and 1000 nm, respectively. (b) Schematic image of neutron reflection and transmission by the diode-
like neutron mirror at a small glancing angle. Ueff : effective optical potential of the mirror. 
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Fig. 2. (a) Reflectivity of a smooth NiP surface on a rough thin aluminum substrate (i.e., the NiP diode-like neutron mirror). The red 
and blue solid lines represent the theoretical reflectivity of neutrons by the positive (from void to NiP) and negative (from NiP to 
void) potentials, respectively. The broken lines are approximate lines for the PHITS. (b) The trajectory of cold neutrons reflected by 
the diode-like mirror with a W-shape. 
In contrast, the transmission intensity increases with roughness. When the roughness (rms) is larger 
than 100 nm, almost all neutrons pass through the rough surface even at a small glancing angle. A neutron 
mirror with a smooth surface on the front side and a rough surface on the back side works as an energy 
selector of normal components of the mirror (like a diode) at a small glancing angle, as shown in Fig. 1 
(b). We call the new neutron mirror a “diode-like neutron mirror.” This mirror is not particularly difficult 
to manufacture, and it can be purchased on a commercial basis; for example, a silicon wafer polished on 
one side is a good candidate. The optical potential of silicon is 54 neV, which is not high. A larger total 
reflection angle is generally necessary, and NiP on thin aluminium is a better candidate, because with NiP 
it is possible to obtain a very smooth surface even on a rough substrate [3,4]. 
 
As shown in Fig. 2 (a), the reflectivity of neutrons by a smooth surface even with negative potential is 
not equal to 0. It still has high reflectivity on the front side and low reflectivity on the back side, like a 
diode. Let us consider the scenario in which the diode-like neutron mirror with a W-shape is placed as 
shown in Fig. 2 (b). Most of the neutrons pass through the neutron mirror, and some of the neutrons 
converge by reflection. The reflected neutron energies of normal components of the mirror are less than 
the optical potential of NiP. When the incident divergent angle of neutron represented by θ and the apex 
angle of the isosceles triangle of the W-shape α and the number of reflections n, the divergent angle 
changes to θ − nα. When the triangle of the W-shape is filled with the cold moderator material, longer-
wavelength neutrons are observed because the structure is one of a grooved moderator. By using the 
diode-like neutron mirror with a W-shape as a wall of the cold moderator, we expect to get a more intense 
collimated cold neutron beam with a longer wavelength. 
3. Numerical simulation by PHITS  
To test the effect of the diode-like neutron mirror with the W-shape, we carried out a numerical 
simulation by using a particle and heavy ion transport code system (PHITS) code [5]. As illustrated in Fig. 
3, the test target was tungsten (15-mm thick), since the incident proton energy was 150 MeV from the 
FFAG at KURRI. The pre-moderator was light water in thickness of 20 mm. The moderator material was 
liquid para-hydrogen [6,7], and the shape of the moderator surface (mirror) was a “W” (Fig. 3). The apex 
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angle of the isosceles triangle in the W-shape was 20 mrad. The size of the moderator was large and not 
optimized, since the first purpose of this calculation was to confirm the effect of the diode-like neutron 
mirror with the W-shape. 
 
 
Fig. 3. Geometry of the target-moderator-reflector assembly for the PHITS calculation. 
 
Fig. 4. (a) Collimated neutron spectrum with and without the mirror. The divergent angle of the beam was less than 30 mrad. The 
direction of the neutron beam was parallel to the perpendicular of the isosceles triangle in the W-shape. (b) The gain factor was 
obtained as the ratio of neutron intensity with the diode-like neutron mirror divided by that without the mirror. The red, blue and 
green circles indicate the gain factor with an angle of inclination to the perpendicular of 0, 45 and 75 mrad, respectively. 
Fig. 4 (a) shows the collimated neutron intensity as a function of the wavelength. The red and blue 
lines represent the intensities with and without the diode-like neutron mirror. The performance of the 
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mirror is shown by the broken lines in Fig. 2 (a), and the effective thickness of the mirror was 0. We did 
not consider scattering and absorption effects; the specular reflection only is shown in Fig. 4 as part of our 
estimation of the ideal performance of the diode-like neutron mirror. The longer-wavelength neutron 
gains obtained with the mirror are illustrated. Fig. 4 (b) shows the gain factor of the mirror with angles of 
inclination of 0, 45, 75 mrad to the perpendicular of the isosceles triangle in the W-shape. We derived the 
data represented by red circles in Fig. 4 (b) by analyzing the data shown in Fig. 4 (a). The gain factors of 
all wavelengths were larger than 1. When the beam direction was parallel to the perpendicular of the 
isosceles triangle of the W-shape, the gain ratioof the low-energy neutrons with wavelengths longer than 
1 nm was over 2. The gain factor was larger with longer wavelengths. The dependence of the direction of 
the collimated beam was clearly shown. 
 
 
Fig. 5. (a) Collimated neutron spectrum at the source with and without the substrate as a function of neutron wavelength. The 
divergent angle of the beam was less than 30 mrad. The direction of the neutron beam was parallel to the perpendicular of the 
isosceles triangle in the W-shape. (b) The gain factor was defined as the ratio of neutron intensities with the diode-like neutron 
mirror divided by those without the mirror. The red and blue circles indicate the gain factor with the angle of inclination to the 
perpendicular at 0 and 45 mrad, respectively. 
We next estimated the scattering and absorption effects of the mirror (Fig. 5). The red and blue lines 
represent the collimated neutron intensities with and without a realistic NiP diode-like neutron mirror. 
The mirror consists of smooth (0.02-mm-thick) NiP and a rough (0.5 mm-thick) Al substrate. The blue 
line was the same as that shown in Fig. 4 (a). The gain factor was larger with longer wavelengths, and 
dependence of the direction of the collimated beam was observed. However, the gain factor was small, 
and the gain factors of shorter wavelengths (0.2–0.8 nm) were less than 1. The effect of the total 
scattering cross-section of the mirror material was very large, since the effective thickness was large due 
to the small apex angle of the W-shape. We thus found that the diode-like neutron mirror is effective to 
increase collimated very cold neutrons, but we noted that the gain factor is strongly dependent on the total 
cross-section of the mirror material. 
4. Concluding remarks 
Here we proposed a diode-like neutron mirror for a cold moderator to provide a bright collimated 
beam. The neutron mirror has high reflectivity on the front side and is transparent on the back side. It 
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works like a diode at a small glancing angle, and it seems to be very effective to increase longer-
wavelength collimated neutron beams, even with a one-dimensional W-shape. However, the effect of the 
total scattering cross-section of the mirror is not negligible, and we must also optimize the structure of a 
realistic target-moderator-reflector assembly and perform further testing of the set-up.  
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